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Abstract
SatC, a chimeric satellite RNA associated with Turnip crinkle virus (TCV), intensifies the symptoms of TCV on all symptomatic hosts
yet attenuates the symptoms of a TCV mutant that expresses low levels of a defective coat protein (CP). We now report that TCV virion
levels were substantially reduced by the presence of satC or when two amino acids were inserted at the N-terminus of the CP, resulting in
similarly enhanced symptoms. Since the TCV CP is a suppressor of RNA silencing, increased levels of resultant free CP could augment
silencing suppression, resulting in enhanced colonization of the plant.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction
Despite 120 years of research on plant viruses and the
diseases that they cause, plant processes disturbed by the
invading virus that lead to the production of visible symp-
toms remain unresolved (Hull, 2002). To infect a plant and
cause disease, a virus must enter an initial cell, usually aided
by a vector, then replicate and move cell-to-cell and then
systemically throughout the plant. At the same time, the
virus must evade the plant’s natural defense responses by
failing to produce an avirulence factor that would activate a
cognate host resistance gene product and also by suppress-
ing the innate antiviral RNA silencing system induced by
the presence of viral double-stranded RNA (Hull, 2002).
Disease symptoms can be enhanced by the presence of
unrelated viruses (Hull, 2002; Scheets, 1998), which gen-
erally involves an increase in the accumulation of one or
both viruses. In addition, viral symptoms can be modulated
by the presence of unrelated, or partially related, satellite
(sat) RNAs, which require helper virus-encoded products
for replication and systemic spread (Roossinck et al., 1992).
While most satRNAs have no effect on, or attenuate, the
symptoms of their helper virus, symptom enhancement by
satRNAs can occur. For example, Cucumber mosaic virus D
satRNA expresses necrotic symptoms in the absence of any
helper virus by inducing programmed cell death (Xu and
Roossinck, 2000) and the satRNA of Panicum mosaic virus
increases virus titer and enhances systemic spread of the
virus, allowing the virus to invade previously restricted
tissues (Scholthof, 1999).
SatC (356 bases) associated with Turnip crinkle virus
(TCV: Family Tombusviridae, genus Carmovirus) changes
the mild stunting and chlorotic symptoms of TCV-infected
turnip leaves to severely stunted, crinkled, and dark green
leaves, unlike avirulent TCV satRNA, satD, which has no
discernible effect on symptoms (Simon and Howell, 1986).
In A. thaliana, the stunting and delayed bolting attributed to
infection by TCV alone turns into a lethal overall necrosis in
the presence of satC, usually within 14- to 21-days postin-
oculation (dpi) (Simon et al., 1992). Symptom intensifica-
tion by satC occurs despite a reduction in TCV levels in the
presence of satC (Li and Simon, 1990). All TCV-tolerant
hosts accumulate similar levels of virus and satRNA as
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symptomatic hosts and remain symptomless in the presence
of satC, suggesting that satC is not directly responsible for
symptom production but rather creates conditions by which
TCV symptom expression is enhanced (Li and Simon,
1990).
TCV symptoms can also be modulated by alterations in
its 38-kDa coat protein (CP) that alone comprises the 180
subunit T  3 viral capsid (Heaton et al., 1991; Wang and
Simon, 1999). Similar to many viral CP, the TCV CP is
involved in a wide variety of functions required for success-
ful host invasion including (i) assembly of virions; (ii)
systemic movement, but not cell-to-cell movement, in A.
thaliana and Brassica campestris, and systemic and cell-to-
cell movement in other hosts such as Nicotiana benthami-
ana (Hacker et al., 1992); (iii) elicitation of the salicylic
acid dependent defense response in Arabidopsis ecotype
Dijon (Kachroo et al., 2000); repression of satC replication
(Kong et al., 1997a); (iv) suppression of an early step in
RNA silencing (Qu et al., 2003; Thomas et al., 2003); and
(v) modulation of satC-associated symptoms (Wang and
Simon, 1999).
Previously, we found that TCV containing a point
mutation in the initiation codon of the CP (TCV-CPm)
produced approximately 10% of wild-type (wt) levels of
a CP with two additional amino acids (glutamic acid and
threonine) at the N-terminus, with translation initiating at
an upstream noncanonical CUG codon (Fig. 1B). Al-
though virions were not detected in plants infected with
TCV-CPm, symptoms were only slightly delayed and
were similar, but not identical, to symptoms associated
with wt TCV (Wang and Simon, 1999). Surprisingly,
satC attenuated the symptoms of TCV-CPm as well as
those of a mutant TCV that produced low TCV-CPm-
equivalent levels of wt CP (Wang and Simon, 1999).
When Arabidopsis was inoculated with TCV engineered
to express wt levels of the defective TCV-CPm CP
(TCV-CPm3; Fig. 1B), symptoms were greatly enhanced
over wt TCV-induced symptoms and seemingly identical
to those associated with the presence of satC in wt TCV
infections. We now report that enhanced symptoms at-
tributed to either the presence of satC or the TCV ex-
pressing wild-type levels of mutant CP with two N-
terminal additional amino acids are correlated with a
substantial reduction in the level of detectable virions.
Results
Since Arabidopsis plants infected with TCV-CPm3 or wt
TCV and satC expressed similar severe symptoms, it
seemed possible that the presence of satC might be func-
tionally equivalent to the presence of wt levels of mutant CP
containing additional glutamic acid and threonine residues
at the N-terminus. Since TCV-CPm produced low levels of
mutant CP and no detectable virions, the two extra amino
acids at the N-terminus of the TCV-CPm CP (in addition to
the low levels of CP) might be interfering with virion
assembly or stability, which could be contributing to the
enhanced symptom phenotype.
Therefore, we examined if wt levels of mutant CP pro-
duced by TCV-CPm3 affected the accumulation of virions
and whether virion and CP levels could be correlated with
enhanced symptoms. For this study, an intermediate con-
struct was generated (TCV-CPm2), which contained only a
single additional amino acid (threonine) at the N-terminus
(Fig. 1B). Similar to TCV-CPm3, TCV-CPm2 CP was
translated from the wt initiation codon and thus predicted to
produce wt levels of a mutant CP.
To compare symptoms induced by mutant and wt TCV
in the presence or absence of satRNAs, A. thaliana ecotype
Col-0 plants were inoculated with different virus combina-
tions and photographed at 14 and 21 dpi (Fig. 2). As pre-
viously described, wt TCV caused delayed bolting and
reduced leaf size and symptoms were enhanced by coinfec-
tion with satC to a spreading necrosis that killed the plants
by 21 dpi. The avirulent satD had no discernible effect on
symptoms. Plants infected with TCV-CPm2 appeared very
similar to wt TCV-infected plants at 14 and 21 dpi, and
Fig. 1. Viral RNAs used in this study. (A) Schematic representation of TCV genomic RNA and satC. The five open reading frames of TCV are shown. p28
and the readthrough product p88 are required for virus replication. p8 and p9 are required for virus movement. p38 is the CP. SatC is derived from the
avirulent satD (open box) and two regions from the 3 end of TCV. (B) Sequences surrounding the translation initiation site for the p38 CP in TCV and
mutants derived from TCV. Bases altered or inserted in TCV are underlined. Changes in N-terminal amino acids in the TCV CP are boxed.
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addition of satC, but not satD, intensified symptoms to a
lethal necrosis by 21 dpi (Fig. 2). In contrast, TCV-CPm3,
in the absence or presence of satC or satD, displayed severe
symptoms that were discernible at 14 dpi, and very similar
to symptoms produced by wt TCV in the presence of satC
at 21 dpi.
To examine virion and CP levels produced by TCV,
TCV-CPm2, and TCV-CPm3 in the presence or absence
of satC, protoplasts were prepared from callus cultures of
A. thaliana ecotype Col-0 and inoculated with transcripts
of TCV genomic RNA alone or together with transcripts
of satC or the avirulent satD. Protoplasts inoculated with
TCV, TCV-CPm2, and TCV-CPm3 accumulated similar
levels of CP (Fig. 3, compare CP panel, lanes 1, 4 and 7).
TCV-CPm3, unlike TCV-CPm2, did not generate detect-
able virions (Fig. 3, lanes 4 and 7), indicating that the two
additional amino acids at the N-terminus of the CP af-
fected virion assembly or stability in host cells. Unex-
pectedly, the presence of satC in wt TCV infections also
had a substantial effect on virion levels. Coinoculation of
protoplasts with satC reduced virion levels below detec-
tion when the helper virus was wt TCV and by 94% when
associated with TCV-CPm2 (Fig. 3, virion panel, lanes 2
and 5). In contrast, virion accumulation was not reduced
in the presence of avirulent satD (Fig. 3, virion panel,
lanes 3 and 6). While the levels of TCV genomic RNA
detected in this particular experiment were higher than
normally found, the reduced levels of virions associated
with the presence of satC or TCV-CPm3 is highly repro-
ducible (data not shown). This result demonstrates a
novel correlation between severe symptoms in Arabidop-
sis and reduced levels of virions.
Discussion
Recent results indicating that the TCV CP is the viral
suppressor of RNA silencing (Qu et al., 2003; Thomas et al.,
2003) suggest a model for how inhibition of virion forma-
tion could enhance systemic infection of TCV. RNA silenc-
ing induced by viruses (also known as virus-induced gene
Fig. 2. Symptoms of Arabidopsis plants inoculated with either TCV, TCV-CPm2 (CPm2), or TCV-CPm3 (CPm3) with and without satC or satD. Top plants
were photographed at 14 dpi and bottom plants were photographed at 21 dpi. Plants labeled “Mock” were treated with infection buffer alone.
Fig. 3. Effect of different virus and satRNA combinations on CP and virion
accumulation in protoplasts. Arabidopsis protoplasts were inoculated with
wt TCV or mutant TCV transcripts alone or together with satC or satD
transcripts. Total RNA, proteins, and virions were extracted at 40 hpi. TCV
genomic RNA (TCV gRNA) and satRNAs were detected by RNA gel-blot
analysis using oligonucleotide probes complementary to both TCV and
satC or satD. CP and virions were subjected to electrophoresis on SDS–
PAGE gels and detected by chemiluminescence following treatment with
anti-TCV CP antibody.
10 Rapid Communication / Virology 312 (2003) 8–13
silencing) is a powerful antiviral protection system triggered
by the presence of double-stranded RNA, which leads to the
degradation of invading viral RNAs (Hull, 2002). To dis-
able this protective mechanism, many viruses encode prod-
ucts that, in addition to their functioning in virus replication
or movement, also interfere with specific steps in the silenc-
ing process (Voinnet et al., 1999). TCV is unusual in that a
structural protein, the CP, is the viral silencing suppressor
(Qu et al., 2003; Thomas et al., 2003). The TCV CP inter-
feres with an early step in silencing, prior to the production
of small interfering RNAs (Qu et al., 2003). When assayed
independent of the virus, the TCV CP is one of the strongest
silencing suppressors discovered to date, with suppressor
activity requiring the N-terminal 25 amino acids. However,
when CP is expressed from the viral genome, suppression
activity associated with TCV is reduced, possibly due to
sequestration of the N-terminal RNA-binding domain of the
CP within assembling capsids, or a limited amount of CP
available at early times of infection when silencing suppres-
sion occurs (Qu et al., 2003; Thomas et al., 2003).
Based on these findings and our current results, a model
is proposed that explains the virulence associated with satC,
the enhanced symptoms associated with TCV-CPm3, and
the satC-associated symptom attenuation of TCV-CPm
(Fig. 4). We propose that RNA silencing is induced by
dsRNAs associated with the presence of both TCV and
satC. Infection by wt TCV alone provides only a limited
amount of CP to suppress silencing due to the assembly of
CP into particles that sequester the CP N-terminus, making
it unavailable for silencing suppression (Fig. 4A). In the
presence of satC (Fig. 4B), TCV virion accumulation is
substantially reduced, providing additional free CP to re-
press silencing, which results in a more robust infection and
enhanced symptom severity. Infection with TCV-CPm3
leads to identical conditions, with N- terminal CP mutations
interfering with stable virion assembly leading to increased
levels of free CP (Fig. 4C). TCV-CPm, which contains the
same N-terminal CP mutations as TCV-CPm3, is also as-
sociated with substantially reduced levels of virions (Wang
and Simon, 1999). TCV-CPm produces only 10% of wt
levels CP, which apparently is sufficient to suppress silenc-
ing induced by TCV-CPm alone and results in conditions
and symptoms similar to infections with wt TCV (compare
Figs. 4A and D). However, we propose that TCV-CPm
produces insufficient CP to repress the enhanced silencing
triggered by the presence of satC in infected cells (Fig. 4E),
leading to symptom attenuation and low or undetectable
virus outside the inoculated leaf (Kong et al., 1997a,b).
Szittya et al. (2002) have demonstrated that symptom atten-
uation associated with satC-sized defective-interfering (DI)
Fig. 4. Model for symptom intensification by satC and enhanced symptoms of TCV-CPm3. Dotted lines in A, D, and E denote weak suppression of
virus-induced gene silencing (VIGS) due to reduced availability of CP. The enhanced availability of CP due to satC repression of virion accumulation (B)
or reduced virions associated with TCV-CPm3 (C) result in increased levels of free CP that strongly suppress silencing leading to enhanced virus colonization
of the plant and expressed symptoms. The low levels of CP synthesized by TCV-CPm create conditions (CP levels) similar to (A) since TCV-CPm CP do
not form virions. In (E), symptoms of TCV-CPm are substantially reduced since low CP levels are insufficient to repress the additional silencing induced
by satC.
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RNAs associated with Cymbidium ringspot virus is caused
by effective triggering of RNA silencing by the DI RNAs,
thus providing precedent for a role of subviral RNAs in
silencing.
The region of satC involved in repressing virion accu-
mulation was unexpectedly revealed during a recent study
that used in vivo genetic selection (SELEX: Sytematic Evo-
lution of Ligands by Exponential Enrichment) to study an
internal hairpin (M1H) located on minus- strands of satC
that serves as a replication enhancer and recombination
hot-spot during synthesis of plus strands (Zhang and Simon,
2003; X. Sun and A. E. Simon, submitted for publication).
Fitness of satC containing randomized sequences replacing
the M1H was correlated with enhanced replication due to
the presence of promoter-like elements in the minus-strand
and/or enhanced virion inhibition due to formation of a
sequence nonspecific plus-strand hairpin flanked by CA-
rich sequence. The most efficient satRNA at reducing virion
accumulation contained either a deletion of the hairpin se-
quence or inserts of CA-rich sequence flanking the hairpin,
suggesting that the CA-rich sequences flanking the M1H in
satC are directly involved in virion suppression.
In conclusion, we present a novel hypothesis that re-
duced virion accumulation mediated by a satRNA can en-
hance viral symptoms by augmenting the natural ability of
the virus to suppress RNA silencing. Unlike some viruses
that require virions for systemic movement, TCV can traffic
throughout the plant in the absence of detectable virions
(Wang and Simon, 1999). TCV does require CP for sys-
temic infection, but whether CP is required for direct inter-
action with the viral RNA or exclusively as a suppressor of
silencing has yet to be determined.
Materials and methods
Plant growth and inoculation
A. thaliana plants (ecotype Col-0) were grown at 20°C
under a 16-h light cycle. The oldest leaf pair of seedlings at
the sixth to eighth leaf stage were mechanically inoculated
with 0.2 g per plant of TCV genomic RNA transcripts
alone or along with 0.02 g per plant of satRNA transcripts,
as previously described (Kong et al., 1997a). Viral genomic
and satRNAs were synthesized in vitro from full-length
cDNA clones using T7 RNA polymerase. Plants were pho-
tographed at 14 and 21 dpi. Mock plants were treated with
inoculation buffer.
Construction of TCV-CPm2
TCV-CPm2 was generated using a PCR strategy identi-
cal to that previously described for TCV-CPm3 (Wang and
Simon, 1999) except that the altered oligonucleotide con-
tains an insert of only three bases. The sequence was con-
firmed following cloning.
Preparation and inoculation of protoplasts
Protoplasts were prepared from callus cultures of A.
thaliana ecotype Col-0 and inoculated as described previ-
ously (Kong et al., 1997b). Protoplasts (5  106) were
inoculated with 20 g of viral genomic RNA transcripts
alone or together with 2 g of satRNA transcripts, and total
RNA, total protein, and virions were extracted at 40 hpi and
analyzed.
RNA gel blots
Levels of genomic and satRNA were analyzed by RNA
gel blotting using T4 polynucleotide kinase-labeled oligo-
nucleotide probes complementary to either positions 3950–
3970 of TCV genomic RNA and positions 250–269 of satC
or positions 44–59 of satD.
Protein gel blots
Total protein was extracted from protoplasts as previ-
ously described (Wang and Simon, 1999). Proteins were
separated on 12% SDS–PAGE gels, transferred to NitroPlus
membranes (Micron Separations Inc.), and probed with a
polyclonal antiserum against TCV coat protein. Western
Lighting Chemiluminescence Reagent kit (Perkin–Elmer
Life Sciences) was used for chemiluminescent staining
(Wang and Simon, 1999).
Virion isolation and analysis
Virions were isolated from inoculated protoplasts as pre-
viously described (Wang and Simon, 1999). Virions were
suspended in 20 l of 0.01 M sodium acetate (pH 5.5) and
loaded onto 1% agarose gels in 50 mM Tris-base/38 mM
glycine, pH 8.3. Following electrophoresis, virions were
transferred to NitroPlus membranes (Micron Separations
Inc.) and probed with a polyclonal antiserum raised against
TCV CP. Chemiluminescent staining was performed with
the Western Lighting Chemiluminescence Reagent kit.
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